Abstract. Modeling loops is a necessary step in protein structure determination even with experimental NMR data. It is well known to be difficult. Database techniques have the advantage of producing a higher proportion of predictions with sub-angstrom accuracy, when compared with ab initio techniques, but the disadvantage of also producing a higher proportion of clashing or highly inaccurate predictions. We introduce LoopWeaver, a database method that uses multidimensional scaling to achieve better clash-free placement of loops obtained from a database of protein structures. This allows us to maintain the above-mentioned advantage while avoiding the disadvantage. Test results show that we achieve significantly better results than all other methods, including Modeler, Loopy, SuperLooper, and Rapper before refinement. With refinement, our results (LoopWeaver and Loopy consensus) are better than ROSETTA, with 0.42Å RMSD on average for 206 length 6 loops, 0.64Å local RMSD for 168 length 7 loops, 0.81Å RMSD for 117 length 8 loops, and 0.98Å RMSD for length 9 loops, while ROSETTA has 0.55, 0.79, 1.16, 1.42, respectively, at the same average time limit (3 hours). When we allow ROSETTA run for over a week, it approaches, but does not surpass, our accuracy.
Problem Definition
Loop modeling is a common and important problem in protein modeling. Loops are the least conserved portions of a protein structure, meaning they are the most likely parts to be different in proteins that are otherwise very similar.
When loop modeling, we will be given a target protein structure with a gap. This gap is a region of consecutive residues where the protein structure is missing atomic coordinates. The goal is to generate a realistic loop in order to fill in the gap and obtain a protein structure model with no break in the backbone. The edges of the gap are called stems and, where distinction is required, they are called the C-stem and N-stem after which atom is exposed to the gap being filled. The Euclidean distance between these two atoms is called the span of the gap, while the number of residues missing is the length of the gap.
Such gaps arise frequently in predictive protein models build using a template based approach, where a protein's structure is predicted using one or more templates, proteins with similar sequence and known structure. Any region that does not have at least one template match covering it must be modeled separately. Additionally, any indel events between the sequence and the template match will also result in gaps, since there will not be a one-to-one matching of residues between the two sequences surrounding the indel. Both problems are typically confined to the highly variable and flexible loop regions. Gaps can also occur in experimental protein models, especially NMR models. The flexible loop regions typically move around a great deal in solvent, making it difficult to get NMR data for these regions.
Related Work
There are many techniques used to model loops. Broadly, they can be grouped into two categories. The first we call ab initio or statistical methods. These methods work by sampling loops from a statistical model, and ensuring they fit properly into the gap. The most frequently cited example of this is the ModLoop package of MODELLER [7, 6] . This program starts with a straight loop connecting the two end points, which is then adjusted and refined using several methods so that it takes on a more realistic shape while maintaining closure. Another technique is that used in the Loopy program [18] , which generates loops by sampling torsion angle pairs, and then making minor changes that maintain the realistic nature of the random angles while working toward closure. The RAPPER tool [1] builds a fragment starting at one stem and working toward the other. Angles are sampled, and the fragment is extended with these sampled angles. If at any point a fragment is obtained that cannot connect to the far stem regardless of subsequent sampling, it is discarded.
The second category of loop modeling technique is the knowledge based or database method. These methods work by finding existing loops that can be placed into the gap. In 2003, Michalsky, Goede, and Preissner [14] , presented the LIP database, and demonstrated that there are cases where a very close match from the database can be used to obtain a very accurate prediction. A more recent version of the LIP database is used by the SuperLooper server [8] . Another knowledge-based loop modeler is FREAD [5] , which recently has been reevaluated with newer data [3] and improved methodology, giving improved accuracy at the cost of being less likely to produce a match. Both techniques are very similar. A database of known protein structures is searched for loops that will fit into the gap region well. Matches are found by similarity of the stems, to ensure that the loop will fit into the gap, and by sequence similarity, so that the match will be related to the loop being modeled. The matches are then placed into the gap, based only on the stems.
When compared to statistical methods, database methods have the advantage that, should a very similar loop exist in the database, the prediction based on that similar loop will be very accurate. As the protein databank continues to grow, database techniques become more accurate with no changes to the
